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Study on Reduction Process of Metal Oxide Film by Formic Acid
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Fig.1.1 Greenhouse gas reduction targets for major emitting countries
(Source: mainichi.jp, 2020.10)
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Since the oxide film has low surface energy (Y)
and is stable, it does not easily get wet with the
- Metal substrate soldered member.
> Voids are likely to occur.
Y,cos¥ 2 Y

YS
4_4\ When oxides are removed with a flux or

reducing agent, the surface energy increases
Y,cosS ‘ and the wettability is good.
-> Voids are less likely to occur.

\ 4

Y=Y, cos0+Y,

Y,: Surface energy of liquid
Y,: Surface energy of solid
Y,s: Surface energy of the inetrface

Fig.1.6 Improved solder wettability by removing oxide film
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Fig.1.7 Reduced depth as a function of reduction time
(Source: Y.Sawada, Jpn.J.Appl.Phys. Vol.38,1999, 6506-6511°)
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(a) @ o) on
: 0o 0 : Fig.1.8 Surface morphology of ~500 nm-thick CuxO
Bo A 3 that was plasma-treated at 15W for 33s

(b) o The image was taken by the optical macroscopy

with the magnification of X5 (a) and

X100 (b) from different locations; i.e., at the
center of the jet ( 1 ), at the inside of the jet-air
boundary ( ii )-A, at the outside of the jet-air
boundary ( ii )-B, and the outside of the jet (iii).

(Source: S.Tajima, Transactions of Materials Research
Society of Japan 35[3]621-625,2010")
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Fig.1.9 Estimated thickness of CuO-reduced Cu layer for L=50 and 170 mm
The dashed line contours the temperature reached in a given
process time for the two different values of filament-to-specimen
spacing.

(Source: E.Kondoh, J.Vac.Sci.Technol. A, Vol.25, No3, 2007%)
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Fig.1.10 Variation of the O 1s signal as a function of time for the reduction of CuO films
at 200°C under different pressures of H,
(Source: Jose A.Rodriguez, Catalysis Letters Vol. 85, Nos. 34, 2003?)
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Fig.1.11 Oxygen removal mechanism by carbon monoxide and hydrogen
(Source: C.E.RANSLEY, Journal of the Institute of Metals, Vol. 65, 19391%)
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Fig.1.12 Isothermal reductions carried out in a sapphire tube at different temperatures
(gas flow rate 15-20 mL/min).

(a) CuO (111) intensity as a function of time in isothermal reduction experiments of CuO

(b) Cuz0 (111) intensity as a function of time in isothermal reduction experiments of Cu,0
(Source: X.Wang, J. Phys. Chem. B 2004, 108, 13667-13673")
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Fig.1.13 Measured and calculated conversion rate profiles for (a) CuO and (b) Cu,0 particles
exposed to 1.6% CO at selected temperatures (lines are calculations; points are

measurements)
(Source: Eli A. Goldstein, Proceedings of the Combustion Institute, 2010?)
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Fig.1.14 Cross-section SEM images of oxidized copper film treated with (a) water vapor plasma
and (b) hydrogen plasma. Thickness of reduced Cu and Cu,O (x=1 or 2) film which were
measured from (a) and (b) is shown in (c) and (d).

(Source: H.Terai, IEEJ Transaction on sensors and Micromachines, Vol.139 No.7 pp.157-162'*)

1.3.4 FEEIZ K HRERILIRDET

KB —L IR R & HEANRIRTIB L TE A HEE LT, XA AW LI O R E
WZOWNWTh, ZHVETHENEATWD, F0H, FERETEFH LIZIZAT T3
EOFEAHLEATEY, KFETITRDOLHEE LTI EE->TWND,

FRITFE TR THLZ R, oNXT YV T2 X > TXBAE T AL, &l
IR ARG T D 2 & TIILIRABRET DN 2SN TS 9, - FEIETD A
B =X LNZHDONWT, HAME LT KB Kim O /KEEFED 5 /KR 23 iiE L, BiEkE L 7=
KREBFRAICEVBETHEA TN, LOWRENDHD (Fig. 1.15) 19

5 35 e = ]

Low crygen concentration spoace

R (HCOOH) @ ik 5

Adsorptinn
H

() = /

el

i
0 —H
A

Cu Cu @ Cu

MM T2

Hermoes

EL

LIty

[

|

U0k H D B :
Sublimation |

W “. !
L \ _nm |
o0 A0 |
- I

Cu Cu Cn :

Fig.1.15 Basic principle of dry cleaning with formic acid
(Source: H.Tateishi, EBARA Time Report, 218, 40, 2008')
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Fig.1.16 XPS analysis of copper surface with / without Pt catalyst
(Source: M.Akaike, MES2018,2013.9 2D2-1'")
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1.2 Hi TR AR KRBIT HIEZBWT, KEBEZHWIIAZMTERICOWTIET T
A E R L TEY, FI-0E, XEITCICHOWVT LN HER, FEALSUED TV,
KFE XA LB L2358, SBEOIE ) MEIEN DIEITTER 2 RIS D 2 & SBRERIIZ
HOENTWDEN, ZZTIIAZBLIOXFBOBETREICEHLT, =V HLAEAT T T
LERAOTHERT D,

TV UHAEAT T T LED, FEECBITAEEARY T A LX—%2 T 1y b
L7277 7ThHY, ZOXAT 7T L5006, GEBEME&RIZETT A0, ED
X OB A E EOBRETERSENEI VN EMD Z ENTE S,

Z I CHEMAERX T AT XX —AGIE, =X — AH, BASREET, =2 b
ot — S &1L,

AG=AH-TS

TERIND,

Fig. 1.17 IZ&MEDOT L AN —, T ha bt —nLRO-EEAR T 2 51
X—ZRd, ZORIZBWTHEEO T, bbb X —MEWEERL LS N2
En, KFEEHNTSGE, ZATE TR TH L8 (Sn) OFLIE (Sn0, Sn0,) (ZxfL
T, IFATEBUSLL T TR TG Z BRI ERNGNn D, WolX o, FEOmRL
FISF T AT X NX—E, L0 HIKS, SEEICRT 2208 %, 1A RS L
TWBEITE L ENGND, 2O LD, FITKE L VKR TR LR A B
EAHETHY, ZHITKZBETIIHTOIRERAY vy N THDHEEZ D,

0 ;
Pb free Melting point
-100 ; 2Cu +0, > 2Cu0
200 | R aCu +0, - 2Cu,0
—— - e 2Pb + 0, - 2Pb
300 | ---"T et
I
—————— L 2H,+0,>2H0 - 2N*0, 2500
o -400 | : K
g
- mme==="" Sn+ 0, - SnO,
500 | === !
i Reduction possible
-600 } \
700 | i 2HCOOH + 0, - 2H,0 + 2CO,
-800 ’
200 400 600 800 1000 1200

Temperature (K)

Fig.1.17 Ellingham diagram
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1.5 XAEDEH

ZZFETRARE LG, FATREETORA FKRO7-DI121, #2485 OB
ENMETH Y, KFE & L CTRIRED HEICRER X IT A LB LAl T, 4%
EBICFEBE HOWZIZAEM T T EOE AL L FHETE 5,

LU, Ffed - TiEISUKFRRIC & e LT L <, R 7R A 7 = X L Re
%%L®?~?ﬁﬁ&5?%bfbéﬁﬁgwoﬁﬁ%ﬁ:ibﬁ%bf%iﬁ,%ﬁ
MR TIIEICHREIMOBRIREDBRIZEEED, ZO%EDO L HIT L TEIENETL
TP<# FOSEROHHBRE T & 2 hy, 72 EFEMZ2 il FHI03 D70, F 7 AR

A5 (TPD), 77—V BRIV e (FT-IR), X #ROEES ek (XPS), BT X
w%~ﬁ% PiE (BELS), AEAM b o VBMEE (STM) & W o ot a2l ghE 5
TIENZ VDR, EEROEBRBLEICXB A A2 BBET D L0 ETRIZEWERETO
in-situ M OAFFEEFIANIE & A LR, Z OO XBRICET L4 B L IE) KR &
EHIT, EDX D LT NITOWNTOFEMIT D> TV,

FIEAREZELVIKETELTEDLEWVWIXEEOAY v bEAENEDEH U—ihﬁ
ERALIEFREIC OV TIE, 2 < IXFMEFR TOMR LD Ao rkn Loz
EEY, BILEDORICT — X R LTERRHINIEE AW, AT, 87V —ITA
72 DIEALIE & SRR LI D35 T0H B O I IR O IR & XA TSI A TR D R
A4 REOBMRT —% OME L7,

EHICEBEOIIATZY 7a—TRIZBWTHE, V2 EONCTEERREDr — R %
BROTIE, RO EEICIIATERE, Fy 77 EREEl I TRy, B oI A
DIANVTEFRBRIC LY, REOBLEAZRET 20BN O D, ZOX I R r—A %2 BET
5L, REIM G ST RWE BRI LIROE A8 721 T <, s OHE
DR ITEE B IR T D LENR D 505, 20K 9 R OBETEEIC SV TORATHISE
A=V A QAVAIAN

ARFZECTIL, EFRICHR R RS ZHALNCT D E 2 BEE LT 5, BRmI)
& BEIED in-situ 98T & LTHERIRZ Y 7Y 4 N —DOSaHrFiEL2 W, b
UTEA LNREZEFOIS, FRAE MR (TEW), XFORESSYEE (XPS), 77/
BEMGERTE (ARM) & W o 7o T FIEEZ A 5 2 & T, FRIC X 28I LIR DR T
I F T HEIEBEERCIBEITC A = A LR EBE LT, 2807 U — XA DORALIEIC
DWTH, DT E > TBRLEDOFEM A 20 Lz BT, Sil&Rkic=Y 7Y A Y
— TCEICEEZ Y TV Z A AJIE L, SFELIE & DR I O L LI O R & 1%
NTEDIENESCHER TR DR A RE L DOBURIZOW TN, &5, filROXERY 7
o —iEiE (RS A Y O TEZR=Y VE Y 7 A7 A VSL)) ZHWT, #dn
DOBRHORITEENCOWT, FEhR, Iz b—ra COmmEm» LB L,
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F28 FRICKDEALIRETBIEDY 7))L
A LNRIE ERTANZALADEER
2.1 %8

IFATEREGEEORA RO 7= DIT1E, A M OBRLIERENMLETH Y, KkFE L
el U IR IR ST AT HE 72 IR IX A L72i8 e KT, T CICXRZ AW T IXA AT 1T %
ERRIHMIN->DOH 5,

R L A& RBRLEOEITCICET DRI HONTIE, ZNETHLHEEFLH D,
TR CHIR M IS R A2 W AE S, FHEMEEDT 2 58riE (TPD) 12 & 0 BiifEd % H0, CO,,
Ho 20T DHFER < e ST D V) 2 b OWMETIE, 77—V o BHIRI
% (FT-IR), XAREES6iE (XPS), &3 /LX—HK361E (BELS), EFA ko x
JVEEIREE (STM) 72 EOFREOMFIEC LY, BEIKIE LT FBOWNE BB S Vo
7o BOCHERE DA 238 TR 0, SR TR O Tl L 72 KFEIC L > TREMRE IR
EENDAREMENTRENT WD, £7-, $ EOXFEOWEE, DRI OWTIE, %R
BEMHEBIC L 2ME bR SN TEY, 2 THLKEOFEMNHRSNLTWNS Y,

E HITEALIS DA B TIE, Ni T RO REFEOWFZEEEE1R0 7, BEHEM B 1T
BWTIE, Pd, Pt W o emW B R 2 FF o &8 TO X RO ESILFEIRILIZ D0
TOEMN L EINTND O]

F I, X% PLICRERBETH I ETERLIEAZE T VML - T, dERZE
gL, S-SRz EREESTOIMERELH Y, Pt 2D Z & TH-HAR OB LI
NTFMRDE EBICHESBENET Z ERRESNTNDS P

ZNH DTV TIE, BICHRBROBHEREOBZEIZEEED, ZDOH%BED
LT L TEILBET L T Dy, MISEEROAGEERE X & 22y, 70 ERE 7 stiis
W7o, FE I FIRBLBEST 2587 (TPD), 77— U =8 H R/ ik (FT-IR), XA
SelE (XPS), =X —HEK51E (BELS), E&EM b o /VEEET (STM) &
ST BB DR D TFENL VN, BROS BB LIFEIC XA RET DL VI ET
FRIZATVY in—situ 0T OBFFEFEFIINT & A E72, T D7- O XERIZ#55R L 74 B E LK
M E & B, EOX D L TWHL DIZOWT O T — 20370, i8ICA D
= A LERFZACAHARA LR HB L0,

ARETHE, =V I AN =D TAEALLHAEEZFLE L, SEOTFEZN
ZC, FBRIC X DHRALIRORE TN BT 2 AE B O e A = A LR EER L
776
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2.2 RERTTE
2.2.1 ERAMH

LB O BUBHZ 138 (WIEE © >99.96%, M1 X : 20X20X2mm) % W\ T
D, INTEEORAEEH, TSV TIE, RIE, BEEICL 2BERE (1-7 et
IUAERD) IRV EAeITEREL TS, F72, EELS b HOEHREREL S LT (BR) ml
AL Cu0 (R, ca. 1pum, #HE 99.9%), BILUCuw0 (ByEK, ca. 3um,
HIEE 99%) % Ui L 7=,

EITANCI, X (BRI bR, ek, XMEAE: >98%) AL TBY, b, A4
ANFHEEE 99. 99%D Ny AR o U TS LT, SAOBILIROTZERIZIZ KT A =7 — (FEs:
-15C) ZHWTEY, ZOELMAIE, N K 78%, 0.: 8 21%TH 5,

222 T)TVA M) =L HERBILIED in-situ 247

AWM THW =) 7Y A Y —=IZOWCHBT 5, =V 7Y A MY —ZBEE ORI
REED AFH RV > TR TR T D8, 3B O BE/ERIC L - TZET DRIk
AR ZLICBNT 5 2 & ¢, REHEKOBEECEFEL 2 Lo EZRET 58
WThHd, ZODNPIEERHWIEEATZY Y A=K =L,

H a2 BRI L TRIO DD TVICIRET 2 &, 2O REHEE— IR
AT B, =Y SV AR — 3 SO E K LR CIREED (L&, e
BRI EICHRMET S (Fig. 2. 1), A& KB EORBIREOEIZ, FRiEk tanT &
MAHZEA L LTEREN, VEARZ Y XY A—2—DHlET—X L LTHEOND, U,
A OEIFEE (L), AFAE (o), BE (), EirE (), HEREL k) FEo7
A—HRAFT 5, D d, n, k ZRODIEIV T AOn, k EEEOI, n, k%
REL, FETAEER LTI a2 —a kWU, A 2Rk, F/h FiEIC
LoTHELNTEYIal—T3 T — A (qfc, Ac) %/EIJEE?‘—g (P, Ap) 127 4w
FAUTEREDLZLICED, 4 n, k2B HND (Fig. 2.2),

Fo, =V Y AN —ORERFMITEHRETH Y, #EHEiICHET 52 & T, &
RO B E DI EZ ) TAEA LZPET DI ENTEDL, TNNETY T AH A L
Wb T D REIRED LA 2 ) 7Y A —F — TN LTZFER G STk g 9
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E;, (P polarization)

Incident light E; E.p

E, Reflected light

E, (S polarization)

! .
' Incident surface

Sample

Fig.2.1 Overview of ellipsometry measurements

(i) Measurement of W and A,

(ii ) Optical model settings
Calculation of Y. and A by simulation

nLkl | 0o | N2 ” Ac

n2,k2 SN ~——

-

! -
\ -

e Ae <:> be| Y™™ A
S

~
~~-_-—

A A

(iv) Result (Thickness, n, k, etc.)

thickness $ n k

Fig.2.2 Ellipsometry data analysis flowchart
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223 TYTIAR)—DREETIL

AWFFECIEmEN =Y 7Y A—%— (J. A Woollam t1:54, M-2000) % FVv>, AR
EIEDIRIEZALZ ) 7T A KNFHAI LT, JIENOWREHPAIE 400nm-1000nm, ASt

01% 70° , UTNEA LFAREOT — & BUSHNEIL, BRCEORREZ %+ HEsd T
x50.56~1s & L1z, 72, TV TV A= —TRELIZHFEET VL Fig 2. 3 1T~
o, T8/mRibsi/ =7 —) otk L, &, b8 Ed ek 2 % H
Wiz, 7235, MBSOV T, Cw0 ERELTED, ZHIIOW T 2. 3. 3 IHTHRIR
T 5,

Linearly polarized light Elliptically polarized light
Air
v /
d - Cu,0(n1,k1)
[

Fig.2.3 Optical layout of the Ellipsometer

2.2.4 RBREE

FEEROIEERER A Fig. 2. 4 1239, =V 7Y A—Z — DR & M tHEs o RN A (25l
ELI-EZETF ¥ o — (NERAFE 170ml) 2% L, AFDEE KEHEETF v o —15%
FT-AEDH T AELEERT S, AET T ABITAEF BT LT, 70° HW - REET
RE SN TS0, HIECITAIEN T AT L CEEICAS, K+ 5, 2oz,
AR A EE L CHRENOEITITAECT, AREOREITRET — X ITHEL2,

I — X2 —WNED AT —Y FIZRE L, ¥ o A —IZEXBAHA, N BLIORT
AT —EHOR— F & H AP AR — &5, T APERAR — MIEZER S 7108
L TWbD, £72, ST RAOZIERIED =D, TAY 7V TR — F ki), NED
JENE=21  TRHOBEZEER B2 TV D, XEET ANIINES 7 WORRIRO X% N,
HATNRT YT HZETHBETE S, MEZX 72T —F—42FELTRBY, #
VI ERMENG A2 L OB yEE Ay hu— L TX S, ZOX ) RERIZTSZ & T,
F ¥ U N—NOFEFRA A L ES, SAROIEE ZHIE L2235, BILEOREZ Y 7L
HALDIHETHZ ENAEETH D,
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N, Air

¢ Vacuum gauge
N, ValveA Valve B * i / Vacuum pump
——D<i— <

Exhaust
<"

Gas ouT
Ellipsometer photo detector

Pressuer tank Gas IN

Heater Ellipsometer light source

® Quartz gle@
Formic acid v
(Liquid) B acuum Sample

chamber

Heat stage

Fig.2.4 Schematic view of the experimental equipment

2.2. 5 SABRALIE DR E K U1

D HIRIALNE, BRI D R X D8 ol 2 i~ 5 LT, EPRE Tl <725
BREEE (Fig. 2.4) v, PrEREOBMILIEAZTZM Lic, LTS, TORMFIEZ
LT D, Aok, @ARIE, N, BRVEEND 6 4 AL EZERHPTHRE Lo b D& v
TV T2, IR BARRRILIR S TER STV D,

2.2.5. 1 BBALIEDR AL F IR

(1) SO FE %2 NTHEST D Z L TERBLEZREL, 20k, BEbicz) 7
VA —=H—CRELT-BZEF ¥ U N—NDO b — F AT — VB #E T 5,

(2) F¥ U NRN—NEREIRET, SEE%Z 200CE THIET 5,

(3) WMELER, FIATT—E2RIJEETHEAL, = 7YV RA—F —TRILED
R ZE=2 1 7 L7 bETERE £ TEWRILIRZ iR S5,

(4) BEZEG|EIZEY FIA 7 =24 LT, T o "—REBEREICTL 2 &
TRALIE D AR 245 1k S, itz Bl E TmAEI L2 RICTFT v oS =Bl
Hd

EFEFIE 3), (4) 1TBNT, RIA =7 —%E8AL THLIBET S £ TORM % 30s
~120s OHFPFHTEL T HZ & T, B LIEOBEELZELI T T2 /ER LT,
it@%bt%@Mﬁ%ﬁ%mﬁiwm%m H ARERAV DS AR & AL 7= BB DV T,
TEM #8142 A EE - B EE O R B - SRS JEM-2010F), TEM-EDX 4347 (H AFE 1
%zzw#~AﬁmXﬁ SHTEEE JED-2300T, B — A% : ¢ 9 1. 0nm) 33 X OF TEM-EELS
M7 (Gatan $ 863GIF Tridiem, B —2A% @ ¢ 1.0nm) Z1T-o72, 72, BHEHRE
DVERUC BTz - T, EHRRE A2 RET D120, B2RGEEEICTI—R UL, £
72 FIB TR ICTE v I AT Uik a—F 7 LT, #LTCFIB~vA 27 a7
U RIS CEREN R L, FIBANTIC X0 @Ak Lz,
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2.2.6 FEIC K HEBILIRDETFIE

HARIRALIR, J6 JOBRILIR 2 TR L 78tk 2 vy, MR X 2R iR oL %
ATz, £, BA LI EOREFIENSHAT 5,

2.2.6.1 FEOEDAE

F ¥ N—NICEALT-FROSEIIT A7 a~ 7T 7 (BEMEFR 6C-2014)
WX VHRIE Lz, T DIZiEYy 7 KA A Thermon1000 Z F V>, H H 25 13 B mis g 7Y
KiHigs (TCD : Thermal Conductivity Detector ) ZfHEA L, I 7 AIEEIL 150C, ¥
HERIE 2000CICRRE LTz, FF v U T HRELT, T ZRNBHEHE LT,
HETFNEE Fig. 2.5 & & HICLLFIZEE#KT 2,

(a) HREHRDIERL

(1) %5 100ml DA Z7 AR FEEOWEARZ ) 50ml AL, S HIZH T AEKD
AT T T AF v IV REIIAND, 7T AF v 7KL, &y b7 L— MI#g
HTMEACTE, FMBEIZAND I ETHEITE S, 72, SO AT
T AU ITBE S A ELY ST Th 5,

(2) T AMEFFEIREICHIE L, &5 T AMMOZFRIZE T2 ¢ Imm D7 E T A X
A MV VEEANL, RHLHEDO~y RAR—=ZH 2 (Air/XH) ZHH L,
BHIZHTAIa~ N7 T 7IHEANTDH, ZOBE, HAZA LU Iiddb b
COIEIRME T 100°CITME L TR X, U U IBEHA~D XD % Bk LT
Wb, F2, WRETED~y RAR—=ZAH AL, fafiZAZSEICEL TS HO
EHET D,

B) WA a= N7 I 7DWERRNS, FROE—7 HEZ G, Ta
7 AJRIELEE T O FRREAFIZAKEIC 5 B — 7 Hf & T 5,

(4) 77 AEDOWRFEZ 10°C~45COFPHTHIEI L T, RO FIRZ Y KT &
T, ¥yt (BafRKE) L v— s miEomER A ERT 5,

(b) F ¥ > =X EDOHIE

(1) BEREEDOXERAS TWAIMEELZ 7 OF ¥ o _"—fl L7 B 2 U0k
HET, V7 A ZBRESMEZ 71 Ny HAEZMIE L TH LI NEH LN T D
BEEIC L TRL,

(2) LT A, BEHUIRRETINESR 7 OAVEEEm 2 25°CICHIEI L, |4y 7eh
BIE T 5, 2O, X 7N~y RAR—=ZAN AL, o/ FBEOIRET A L7
STW5b, B0 UOF v o " —3EEG XX 0 EEREIC L TR,

(3) »VT BEBRE, WEREDOTF v o =L IEX IV MZRT 52 & T, JE
NEZE S TF v o N=ENPRRELRDETIES 7 D~y FANR—
AT A (No/FMR) ZHRANT D,

4) HAYV T TR—=rm0E, HHCH 100CITIMEA LT AZ A b v
CEBANL, HAREV TNV L, BBICH A a~ NI T 78 AT 5,

-28.



(5) WA~ 77 7DRIEREND, FBOY— 7 HEEZHARY, RER X
DEAN LT Xy EEHBRET D,

(6) MEH v 7 OINEREETR 2 40°CH LN 50°CIZHIFE L T Fit FIEA BV KT Z &
T, AHEIEEE COXRYEEZNHET S,

Gas tight syringe

Formic acid
via) [ [T ermecaupe
— Glass bottle

Water —
(10~45°C)

Gas injection

100°C

—— -]

constant temperature water bath

N, Valve A ValveB % g{ ﬂ Gas chromatography
> =
Gas INl

(a)Obtaining a calibration curve

Formic acid

|
N~

Retention time

Intensity

Heater
(25~50°C)

(b) Formic acid pressure measurement in the chamber

Fig.2.5 Formic acid pressure measurement procedure
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2.2.6.2 BALIEDETFIE

2. 2. 4 A TR/ FEEREEE (Fig. 2.4) 2V, BRI X AL OE CH 2 HIE L
72 LATFIZHIE FIEZ 7R T,

(1) IR BEDXTEN A S TWAIEX > 7 OF % o "—{\ L7 B & U7 IkEE
T, WNLTAEBRENEZ I N, HRAEZHIE L TE 7 RNEH L LDOBTE
LTk,

(2) 7SIV A, BEEAU-IREETIESR v 7 OANEEER Z2 25°CITHIE L, 4572 ¢
BET D, ZOBR, Zo 7N~y RANL—=ZAH AL, o/ FBOIRET A L 72o T
W5,

(3) BARFLIENTER S TW A, £721%2.2.5. 1 T L7 FNEIC TRER LI
(B LEFRE 120s, BEE 14~16nm) 2Rk L7-8itkc & — h AT — ¥ RIZRE L,
T ¥ 2 N— N Z )R RE CHIHARE 2 150~200°CIZHIRT 5,

(4) SRR DIRFELZ TR, BALIEDIEIE 2 U 7 V2 A A THIE LTIRBET, MEX 7
~F ¥ U NR—[ LT BEFNTH T D~y RANR—ZAH A (N/FWE) ZES
ZICXVRKIEETT ¥ =B AT D, 7o, ZOFEOTAEARREIT 1s
UFThs,

(5) F¥ U N—JENPRGEICEZER T, VT BEA LTI A ZFI L, Hfg
IR BRESN D E T, TOENTHREFT S, ZORBERRLIED Y 7% A LH
(ER 3 T B

(6) BRALIEDNERE SNT-RICT ¥ o= H Rz L, itz il TRl L 72
(T v =B I 9,

(7) ERRFNEICIBNT, SRR 150°COFRMIT W TIE, IEX > 7 O/ EREE R %
40 CEB LI OS0CICHIE L= THL T — 2 BSG 21T 9, SEE 180°C, 200°C
DEAEIZHONTIE, MEZ v 27 25COEDHT — 2 BT 5,

2.2.6.3 BLERPTHRILELEY U TILODH

2.2.6. 2 HOTFNETHIRIZ L 0 BWRLIE (R 14~156nm) ZBRET S TREIZBWT,
e b4 10nm 2% £ CTiEoe @MIEE 200C) L7-ERfECXiea R L, ®muoaEy
TR L el L, %ﬁ%nmﬁ%(Hﬁﬁ%ﬁﬁﬁmm%@L@%ﬁﬁﬁ
JEM=ARM200F) L7z, AROHTIZRBWTIE, o 7 /g CEZEEIL, RHA®D
P TR BC FEBIA AT, BIERFREIOERRIC B 72 - T ,ﬁﬂﬁ%ﬁ%ﬁ%“?é%
b, BZEREEBICTH—RUEEZAREL, TO%, FIBMTEBEICTCTRY vy a
NCTIBIE#E L7z, EBICFIB~A 7 u$ 7Y o 7RI CREFERH L, FIBIIT
WL ERE LT,
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2.2.7 B&ib, ETATRDEMARIRED AFM 53477

fefb, BITHIR OFIRKFEIZOWT, AM (R DBmseE, v hh— - =Af vy
A A48 NanoScope V / Dimension Icon) (2°C, REMMIREZEHILZE L 7-, Bl
> TNV ONERGA & LIS AR T,

(a) R NTHHE LRI I 2AULEKREL, BRBRICIEZ TR L 728tk
(b) (a) D B ARMRALIE 2 FRRIC LV 58I bRE LIZ#iik

(¢) HEZNTHIEL-BICKKT T 200°CITE L, BAERLIEZAZ %) 15n0m JERL L7
SR

(d) (c) DERALIE 2 SR X 0 52T BRE L 7@tk
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2.3 EERFER
2.3.1 ZABRAEIEDRZRL

2.2.5.1 TR LI FNEIC X 2 BRI s O (LI DO = U 7 X — & —HIE
fER% Fig. 2.6 I d, RIAZT —BABZNPOBILENKEL, FT7A4 =7 —HEX
% DI IREE TR D R E M5 1925 Z & A8 L7z, Fig. 2.6 TIEH 16nm £
TR ZTER L T2 28, [AERD TIETRLIER 22 % L, 2. 5nm~15nm OEAER1L,
a2 TRk L7,

20 T H
Reduced | Dry Air i Reduced

T pressure | | pressure
c 16 r ' ;
2
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£
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o
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4 -
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Time(min)

Fig.2.6 Formation of thermal oxide film
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2.3.2 TEM 2 &k B BEILIE DR R TE

B SARERALNEE, BRI N TR & 7= 8kl @ TEM Wrifi 52 % Fig. 2. 7, Fig. 2. 8 [Z7~”7,
AR SOV T, Fig. 2.8 ® B =7 —#E AR (1) 30s, (ii) 60s, (iii) 120s
DFEMFETIER L= DO Th D, Tz, BREBIE, B eiE IR EER ((a) X
40K) OFETIE FLHIR, 7 —AR M (RGERE), %o 727 B (IRER) L72o
TW5, &6, AEMER ((b) X5M) OBEENGHR EOa L vT 2 DR D
EHE L E LT, ZOBREEZRET S &, HARMLE TIX 4. 0nm, (LTI
3. 5nm/7. 3nm/14. 2nm TdH > 7=,

W protection film
C protection film /
a

500 nm

(a) X 40K (b) X5M

Fig.2.7 TME image of native oxide film cross section
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W protection film

C protection film /
=

\

500nm

( i )Oxidation time:30s

500nm
[e—

(i )Oxidation time:60s

14.2 nm

500 nm

(iii )Oxidation time:120s

(a) X40K (b) X5M

Fig.2.8 TME image of thermal oxide film cross section

Oxidation time ( i )30s, ( ii )60s, (iii)120s
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2.3.3 TEM-EDX, TEM-EELS IZ & % BRILIRDBIE 7347

Fig. 2.7 B LWV Fig. 2. 8(iii) ® HRER LIS X OB (LI (FR{LIERT 120s) 23K &
AUT-8AR D TEM Wi O REERIET 2 EDX 7 A oW 5 Z & T, & BFEDOMAKIZ
F7- (Fig.2.9), Fig. 2.9@) 2B\ TIE, 4nm FBREOME CHMENFIELTEY,
Fig. 2.9(b) TIX 14nm B DOMEE THENTFEL TWND, WITILOHFRIZBWTY,
DEBNBRILIETH D LB D LN TE, TOBEREIIEITR LT TEM Wk EE D =2
Y RFTAREICEDHERELIZIE B L TNV D, S BITBEBEORESHIZONTES
WCHERT DL, BARBLEIZOWTIE, K2 Inm FREOLBEEIREDN 40%F25 T,
ZO®%BD L TWDDOIZHR LT, B LT 12nm F2EE OfEEL F CRRRIRAE N 30~40%
T—ETHY, /BRI BRI & [FARICERRIRE 2 HA LT b,

Oxide film
100 :

80

60

Atomic concentration(%)

0 5 10 15 20 25 30

Distance(nm)

(a) Native oxide film cross section

Oxide film

100

80

60

Atomic concentration(%)

0 5 10 15 20 25 30

Distance(nm)

(b) Thermal oxide film cross section

Fig.2.9 EDX line profile of oxide film cross section
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F 72 [A—Wrifg > STEM-HAADF 8 S JIEZ A D= b7 A MREA Fig. 2. 10 (B SRR
{BRE), Fig.2.11 (BAER{bfiE) (27”3, STEM-HAADF o= kT 2 M, BB LE WY
R BEEZNL TWD720, SRIOREHISEMBEOATHL EEZEZDE, T4 ay
N A NS (B8R) ORENA & HA7eE b, Fig.2.10(b), Fig.2. 11(b) DT A =3
N7 A R, BIREEIEITR 4nm, BWRLEIA) 14om Th 5, FI-HORE S (88
FIE R O S, HARBBIEICOWTIE, EDX T4 VO OfE R & —B L TEY,
BERLIFEIC OV T, a2 b T A MRE TSR/ B L IER I COBD BN ERES- b
DD, 10nm LLEOFEIE T2 F 7 A FREMZIFRITNTH Y, EDX T A T DGR
EIEIE—HLTWD,

Oxide film

A
2
:’—"_’:_—' S
4
S

20 nm

(a) STEM-HAADF Image
Oxide film
N —
12 3 4 s

Intensity

0 5 10 15 20 25 30

Distance(nm)

(b) Line contrast

Fig.2.10 Native oxide film cross section
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Intensity

Oxide film

20 nm

(a) STEM-HAADF Image

Oxide film

0 5 10 15 20 25 30

Distance(nm)

(b) Line contrast

Fig.2.11 Thermal oxide film cross section
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S ST LIEDO LI A HEERT 5 7= 8, BELS DM 21T - 77, F THEHERE Ch 5 Cuo,
Cus0 @ EELS 73 ATfE % Fig. 2. 12 IZ/R" 77, Fig. 2. 12(a) 0-K edge D A7 KLk, Cul
Tld 529eV fir & 533eV fHUTiZ B — 7 DR T X, Cu0 TiX 532eV fIlZE— 27 3%
5o F7-Fig. 2.12(b)Cu-L edge A7 kLTI Cul 1% 927eV FFiT & 947eV fHITIZ 2 D
D=7 NHV, Cu0 TIiX930eV T & 950eV fHITIZ 2 DD B — 7 BNFERTE 5,

WA BTG L -8R b D\ T, SR L7- TEM Wi & [Rl— 1 0 EELS 29T 5
Z Fig. 2.13 (BARELIE), Fig. 2. 14 (B {biE) (23, 2oAr&EPTiX Fig. 2. 10 ® 1~
6, Fig.2.11 ® 1~7Zxl5d %, Fig. 2.13(a) D 0-K edge D A7 "D, BR{LIE
EEZTWD 1~3 OFEEE T 532V LI E— 7 RSN TWD Z L 2R L, 7=
7Z7L, 2, 3 DAY FUIFHEAREERELD Cu0 DALY MLIZIZIE—E L TWD R, 11T
DNTIE Cu0 O E—Z IRIZH UL, REHEDH Cu0 DHFIEEZREL TWND, —7,
Fig. 2. 13(b) Cu-L edge TlX 1 ~3 2B T, 930eV, 950eV [ UTIZ NEBD 4@ Cu (4~6)
CIITIRN R D — 7 PR TE, ZOE— 7 1 3IEHEREO Cu,0 & —FH L T\,
ZDOZEND AR T, &FEDOHADT DI Cud B S TND H OO, K
I Cu0 THDHEEZ D,

F - BWRLEIZ OV T, Fig. 2.14(a) 0K edge D A~ hLTlE, 1~5 OffEE Tl
ERTE— RSN TWD, 22 ThERmIFE (1, 2) TIECW IZEWE—2 bR
HENTEY, 3, 4 OFETIX Cu,0 O —27 LIFIE—H L TW5, 5 OfFETE—2
NETXLE—AND L7 FLTWAER, ZOBEBIZOWTITIASH OB LETH
%, Fig.2.14(b)Cu-L edge DFRIEHT (1~5) (ZBW\TIE, BRI LFE U< Cu0 &
IRTE—IBGFELTND, 2O D, BABLIEIZOWT Y, REEIZIZTDT I
Cud NFEL THDEH DD, FITIE Cw BNERENTNWD EEZ D,

CuO

Cu,0

Intensity

500 520 540 560 580 600 900 920 940 960 980 1000

Energy Loss(eV) Energy Loss(eV)

(a)O-K edge (b)Cu-L, ; edge

Fig.2.12 EELS analysis of Cu,0, CuO
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Energy Loss(eV) Energy Loss(eV)

(a)O-K edge (b)Cu-L, ; edge

Fig.2.13 EELS analysis of native oxide film cross section
O-K Cu-Ls Clu—L2 _
|
I
1
1
— Cu,0
— Cu

500 520 540 560 580 600 900 920 940 960 980 1000

Energy Loss(eV) Energy Loss(eV)

(a)O-K edge (b)Cu-L, ; edge

Fig.2.14 EELS analysis of thermal oxide film cross section
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Z 3 E TO TEM-EDX 45#r, STEM-HAADF 14, EELS StrOfERA2EbETEZX D &, &
B D HARER LIS, PR LI, IR TO L) & ThHhr EE 2D,

® HIRFRLIE, EARR(LIR & HIZHRFMEIZDIHIDT N Culd NIFAE L TWDH DY, KB
I3 Cu0 B S LTV A,

® HAREALIEIZ DWW T, $iRFERD S Inm B2 DI 0 @ Cu OFELELD 40%FEE T
HDHTZD, ED Cud E1FIE 7L Cu0 NER SN TED, Cu0/Cu FHE Tl
Cu0 DEIE N> TV 5D,

o HURLIEICHOWT Y, REM CIIEED Cud DIFENRT 5B IRE/DIE Cu0 ThHh
v, TOHAIEEENS 12nm BRE I —72 Cu0 BRI TEY, Cu0/Cu S
HIZBWTIE, BRERLIE L [FEEIC Cu0 OEIE ™AL LT 5,

234 TENB LU Y TY A= —IZ L HREEREDIERS

PR b BEf 2 2 8 U CERL L 7= Ffi 2 DEE OSRERLEIZ SV T, TEM B DO 2 k7 A
k7276 O REIEHIE RS R A fthh e, =V 7Y A —% —COWIER R 2l 7oy S L
7GR A Fig. 2. 15 127, W& ORIER BRI —E L Tnd,

10

Film thickness measured by TEM (nm)

0 2 4 6 8 10

Film thickness measured by Ellipsometer (nm)

Fig.2.15 Thickness interrelationship between with TEM and with Ellipsometer
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2.3 T TIYA—B—ZBH+2FEKHTRDEE

223 HTRLEEIICZ Y T Y A—=H—TORXFZET VL, TH/ERbER/ =7 —)
ERELTWDD, EBEOREREOTF v L R—NERKH AL, =7 —72 ffi&ﬁ
XL LT 5, 2O INLERKT ADEBENNT Y 7Y A —Z—DORIEIC K
TREIZOW TN,

Fig.2.16 IZF ¥ V' N—NOEHGH A2 T —, BHZZ, XA AL LEHAIZOWN
T, REDRZ 28R (3nm/5nm/7nm/10nm) DIRET — X 271 v b LR %2R
I (R . =7 —RPHA, M 0 BZE, XU ARER) . B, ARHEIZBWTHIR
(TN THFIRE LTEY, Fv o N—FHXN XA A Th-> THiETITEE 20,
Fig.2.16 ML WTHOFRHKT A TH->ThH, BILEOREEIIEDL /RN & A fE
WLT,

12
°
S A :Formic acid gas
Lé’ 10 O:Vacuum
S
c € 8
w £
d €
c
z 3 °
= g Air/Vac./Formic acid
52 4

[¢°]

5
2 2
()
=

0

0 2 4 6 8 10 12

Measurement thickness in Air (nm)

Fig.2.16 Atmosphere effect on measurement thickness
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2.3.6 FEEIC K HIREEILIRDET
2.3.6.1 XEEHHE

2.2.6.1 HICFEHEHOFIATHE LT XEBOEOR R EZ RS, Fig. 2.17 12 Alr/ ¥/
DIREH AZFEANLTZBEO A A a~ 77 LAO—Fl%Z777, Imin BifL O E—27 1L Air
L, 4dmin AIEOE—7 BXRERT, 207 ZAHOBENOHE L7 X o8
ENE (fBRMAKIE) &, TORKO//a~ N7 LAOXBYE — 7 HiEE OBKRE
Fig. 2. 18 |Z/RT, FEEHE & X — 7 mfEIX B2 e FIBMRIZH 5,

F72, MEHX 7IREL ZOBEOF ¥ o R—HNERO XA E D% % Fig. 2. 19 1TR
4. 0¥, Fig. 2. 19ERICHT- > TlE, Fig. 2. 18 OF —Z Z kL L THW =, hI
EH 7 DIRED 25°COEETEKI 3000Pa D X4y E T - 7=DIZxt LT, 40CTILF
f4y EH) 4500Pa, 50°C Tl 5500Pa £ T FH- LT\ 5,

80000
n - Air

60000 r

40000 r

Intensity

Formic acid

/

0 1 2 3 4 5 6

Retention time (min)

Fig.2.17 Chromatogram
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Fig.2.18 Calibration curve
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Fig.2.19 Relationship between pressurized tank temperature and partial pressure of formic acid
in chamber
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2.3.6.2 BABLIE, RBEIEDETTEEDRERKRE

T YT A=H—=|ZTY TIVH A LPNE LT XN AEAREOHH O B SRER LI 5
JERERIZ LA Fig. 2. 20 1207 L, B (Lo BIE 2L % Fig. 2. 21 1253, Mg b
& B ITHIM DI % 150°C/180°C/200°C LR E LTz, ZDORMFITHBWNT, MEX > 71X
25°CIZRRE LTS, Fig. 2.20, Fig. 2.21 2°5, W OBRLIE, $AHIEE TH XY
AZADEANSIRENED (R1) LT 28, $IHIREENEWIZEE THEENRKE W
L EMER LT, BT IS O W TR ZREH 3 o 0, RS N E % ISR T E )
iy, LB THOETCHEEN FF L TWD, ZIUDECIE, BRI, 2k
P XSmO TH D,

BRI, EITHAED 0. bnm (1T 75> B TTHE DORBIEN R S b 720, %KD
BRI L 91T, WU A BR\N T GHI T T A B E L ) S O SR8 Tl 2 H
H L7,
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Reduced pressure

/ Formic acid gas (a)Cu plate
_ temperature:150°C

Average reduction rate

Oxide film thickness (nm)
~

(b)180°C

Oxide film thickness (nm)

(c)200°C

Oxide film thickness (nm)

0 0.5 1 15 2 25 3
Time(min)

Fig.2.20 Reduction of native oxide film by formic acid at plate temperature of (a)150°C,
(b)180°C, and (c)200°C
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Reduced pressure
20 /
/

Formic acid gas (a)Cu plate

16 - temperature:150°C

Average reduction rate

Oxide film thickness (nm)

o

N
o

(b)180°C

= =
N (@)}
T T

o
T

Oxide film thickness (nm)
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Oxide film thickness (nm)

ol
2 6

4
Time(min)

Fig.2.21 Reduction of thermal oxide film by formic acid at plate temperature of (a)150°C,
(b)180°C, and (c)200°C
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Fig. 2.22 (¥R ICHE LERIRED T L= 2y Nerd, T L=
70y MILTORTHRTZ ENTE,

E
k = Aexp (_ﬁ) (2.1
kIR ERE EE, ATBEER Y (nm/min), FIXIEME(E=FRL¥F— (k]J/mol), RIFXEIAE

R (J/K-mol), T (K) (THEHREEZKT, 77 76RO ARMICIE, Pl
DBER -, EH LR X =% LU TSR,

HARMUME  A:4.97X10°  £: 76.3k]J/mol (2.2)
BAERALAE  4:2.38X10%  F:97.4k]/mol (2.3)
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=
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Fig.2.22 Arrhenius plot of reduction rate
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2.3.6.3 ELEEDFTEED EKET

BNERAV I DO SRIRE 150°C DRI BNT, IEX > 7 % 25°C~50°C D% PH CHil {4
52 ET, XMRSEA 3000/4500/5500pa (CZAEFE L, mICHE & ORRE AT,
Fig. 2. 23 |24 X5y COBEILHE ORI A L 2R d, D FRIERREWITE,
BEILHENRKRE W L3005,

Reduced pressure
20 /

Formic acid gas (a)Formic acid
- > .
16 | . pressure:3000Pa

12 L Average reduction rate

Oxide film thickness (nm)

20

(b)4500Pa

Oxide film thickness (nm)

20

(c)5500Pa

Oxide film thickness(nm)

4
Time(min)
Fig.2.23 Reduction at formic acid pressure of (a)3000Pa, (b)4500Pa, and (c)5000Pa
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2.3.7 BILEPD T EMBTEELE

EERLI 15nm FEREE, 10nm F2E F TiE o LB CXM A2 HEA L, Erxaih ¢ofF
1 U728 O TEMWr i BB % Fig. 2. 24 (2R T8 e a2 P CTEIE LS AETH - ThH,
AV L A DI FHIZTER STV D Z EN 0D, ET-8WnmiL, B>
U AE SRSy (W AN

50 nrrl 16 rFirgl
et 2

(a) X1M (b) X5M

Fig.2.24 TEM image of oxide film cross section under the condition of reduction stopped in the
middle

2.3.8 B&ik, ETAIROREA F MO
LI (a) ~ (d) DS TIER L 72 fifam o ARM B & Fig. 2. 25 (2R T,
(a) REZNTHHE LRI HAULKEL, BRBRICEAZ TR L 78k
(b) (a) D B ARIRALIR A2 F/RIC LV Fe T bREE LIz 8tk

(¢) EEZNTHIELT-BICKKT T 200°CITE L, BRLIEZ ) 15nm JERL LT
S

(d) (c) DEER(LIR 2 FFHRIC XV 52T RS L 78tk

X 5T ARM D43 HTkE R (Fig. 2. 25) MHR®O 7= (a) ~(d) D Sq (—F ¥ E &), Sa (B
W E &), Sdr (ERFEEEER) % Fig. 2.26 (OR7, HARBALENER S -8
W% FERULEE9 5 Z & C, Sq, Sa, Sdr A3 1. 6~3fEREEICHML T\ 5, £7-, Bl
AR 3 % Z & T Sq, Sa, Sdr 23 1.5 FRREHML TH Y, ZOHOFEMIEITIZLY
Sq, Sa, Sdr 725 2 {ERREHINT 5 Z & 2R Lz, FMIZ X 0 LI AR T 2imERIC
BT, BENKEIT D Z L TRERIZHIRNTICZEZEZ DAL, 0%, BAERIZE - T
TN EDLZETEHERMMNPELZLDEEZLND, E-REBRICEREEL, BREN
Ao TN Z & THNEROEEZAR Z Y, BRI L 0 FRMMN TEZH0 L
215,
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Sample preparation conditions

AFM image

Bird's eye view

(a)

A plate on which a native oxide
film was formed by buffing the
surface and leaving it for one
month

(b)

A plate in which the native
oxide film of the plate
prepared under the condition
(a) is completely removed by
formic acid

(c)

A plate on which a thermal
oxide film was formed at
200 °C after buffing the

surface

(d)

A plate in which the thermal
oxide film of the plate
prepared under the condition
(c) is completely removed by
formic acid

Fig.2.25 AFM Image
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Sdr(%)
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Average data measured 3 times under each condition
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1.79
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0.79

2.33

(a)

(b)

8.90
7.23
(d)

(c)

Fig.2.26 Surface roughness on various treatment conditions
((a), (b), (c), (d) : noted in Fig.2.25)
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2.4 EE

AHITIE 2. 3HiE TORMER L OHERZ eI, FRRIC & 5 Sl b T A
:‘/’C\Aézol/\‘(%%g‘d—éo

2.4.1 FEEICKHEARILBEDETA DX A

ZHIVETO TEM, TEM-EDX, TEM-EELS D3 #r#bRi o, oo B IR LR, ZAEe{bikix
EBITKREBD Cu0 THDHZ LN yhot-, £, HIRBLIEIZOWTIE, &EHED
Inm O BFEFEDN 30~A40%(FAE L, D%, Hil/B s iz mid TiEE OEIG B LT
W5, BABRAEIEIZ DWW, D 12nm < HWVE TIEEAE N 30~40% L —ETH Y,
D%, BRALSR/SHF I D IZHEVIER AT 5, I 51, HARmBRLEE, EER{b
fEE L HITIRITHRFOSR OIRE N EIE E, BT E N K& <, EEEETTEE ORERTT
26, R ITTOTEM LT 2L F — 13 HIREELIE T 76. 3kJ/mol, ZAEA{LIE T 97. 4k]J/mol
ThHhbH I LEMER L,

HARBR LRI S\ T, BRENBERLIE L 0 /NS W i=dls, $H, BB DM D —E
FINIEE AR, ZOZ EPVERETTHEEIC KT TRENAITH DL, \olE D,
BRI TIE 10nm DL E O T8, MBEOMRLEN—ETH Y, HREBIE X v Rk
ERBERNDIRN, ZOZ LD, AR TIEBWRLIEORE T T — X 12K - T, EiT A
HE=ALEBLEZTHI EET D,

FEITIR AT K9 IR LI O FE2IE ST OTEPE L =% /L —|% 100k]/mol ¥ < & Mk
FIRE L, 20 Z EIHMEFIED R TTONEEOHETR & 72> T D ATREME 2 7RIB L T
Do T2 NFTOERND, BICHEICIIFHBOEDEMR L TWAZ EB - THE
V., IR TR D XSy - DB, 3D WL EIC S LT X5 T DR EE A
FRBEIZ 72, ZOBE FRICLVBETCHEHEN EHTOIA D= LNEZ L 2D, &5
(2 2.3.7 HOETLEF O TEM Wrm 20> 6B bIEIXFiRFEmAlc Bk s ksh, £
PRl L A LR E N R BT DOHL TR S TVDZERTRITES, 2NHDZ Lk
FEEZ X D Cu0 DIRTLET NVELUTOLIIZKET D (Fig. 2.27),

(1) SAREEIITECRNT, Ty I3tk ~0mE%E, KK, YRGS, Bk
IR L, RESWEIE LI MRy 1 13MAE R EE o T FATIZEL
T2

(ii)  WOEREE o TGS LTV D KRy 1 DAKE N TN S ((LFERAS)
L, TelL7okBENEEMESR LOGL, KE LTHBES S 2 & TRE®ED
WEFEDBBRES LD

(iii)  HERHEORKERER, SRNORRHEN O RRKEm GHRRD (2 h > T
ANLT 52 & T, EXAEITL TN

(iv) Fieo (i) ~ (i) OSIZBWT, (i) OFELS 1026 DKED Tk
WA DRI S ER O AR Ch 5
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HCOOH (pressure:P,;)
Collision frequency
F Reflective molecule

. d
ba Desorption speed — d—'; =2

T
S : Adsorption probability

~ p :Adsorption density __ Surface reaction

X=X,
HCOOH dissociation adsorption
HCOOH - 2H +CO,
Desorption of CO,
X=X 0
! Cu,0 +2H - 2Cu + H,0

Reaction of H and O, Disorption of H,0

X=X, : Plate surface (nm)

: Cu/Cu,0 interface (nm)

F : Collision frequency of HCOOH (1/m? - s)
p : Adsorption density of HCOOH (1/m?)

S : Adsorption probability
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2.4.2 HREAOXEATORETE
EF 24 1O (1) OEGEICB B 8IRRTT ~D RO LISV THET 5,

Collision frequency Reflective molecule
F
d
/ Desorption speed — d_‘t) =L
S:Adsorption probability T
/ p : Adsorption density
Cu,0

Fig.2.28 Formic acid behavior on the plate surface

Mg&%a®wf %& TTOANRBEE F (1/m° +s), WEMRES, WED O
TTEREE ¢ (s), REICHWEHEE L CWDXWBOTOEELZ o (1/md) &L, BV
mébfwékﬁiék,w%%f&%%@fﬂ LW, LU TFORBREMRY 726

p
FS == 2.4
- @

WAERE o IFLLTO L HIcEkRSND,
o =FSt (2.5)

it SR AL No/ XBEDIRENT A TH D120, IREHADEER Py (Pa), F¥WE
SER Py (Pa) L, oo+ & XA NENENDH ASEDL TEZET 5 L%
zé& WL T- O ANHHE FIZA RS IS,

_ Pyy (PH): Py (2.6)
V2mmkT \Pnu/ N 2mmkT '
ST alNTEE (g/mol), kiIFRAY=rEE (J/K) EET. TWRES
SESRERE L, WATRikTE B,
E
: =T¢mp(—ﬁ%) @.7)

::@mmﬁﬁf—ﬁmmwﬂ~mﬂﬁﬁ®k%é%%o”>it@i%%ﬁ%i
fb=x ¥ —Thsd, 2.6), @ 1NHX%E, QLHMUMATEHE, FMOWEEEIT
wATEEIND,

Eq

Stoexp (— ﬁ) (2.8)

FS Pu
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p V2mtmkT
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2.4.3 FEEOFRBMREICLE > TELLIREAKROLEREE

2.4.1 HH (i) OIREIZEBNT, XBOREFENEIZL > TELDKBOAEMEE n
(1/m* « s) 1%, KFOFREBEWETEE (1/s) ZhklT5HL,

ry = pk (2.9)

THRTZLENTED, 22T, BILAEREICRBWOTIEXMOTRERERAE 1 X 5 KFEOA
Rk & PR LSRR 1 OERFZE OHEENFRIRFICE Z o TWD EE 2 HND D, Izl DOk
JRFOEEIL, BBEZE1X10"#H/m* THLHDIZX LT, WEL TWDHXW DK
FEIE (2.8) D 1X10P~10" M/ m* FLEE & RAES Hivd, REOFHRELIZHT LT,
FRFBREE N B HTLL EZ W, 2D Z &b, (2.9) OB VERZ 1 T DK ZEDAEROEE T,
XBRBEELTURFT D L RMIGTH D LB X7, £TKEORMER k 1ZLLFOX
TRk Ctx %,

k = A'exp (— g—;) (2.10)

ERITBWNT A7 13TEBEE O ER T (1/s), EIXEMH =¥ — (kJ/mol) T
H5, (2.5) X, (2.9 KX, (2.10) KXV, $HEXEHTOKEOAEREE i, LLTFD
XTEEND,

1 ES
ry = FStA'exp (— ﬁ)

- (~me) e (-2)
= ToEX _—— ex _——
Vzamkt P\ Rr) P\ Rr

P o ( £ ) (2.11)
= T ex e .
2rmkT P\"Rrr
E=E,+E, (2.12)

RO E SBACHZR E SRS U 7o R IR TR S (2 K o TKFEZ AT HiEM
b= F—bH 5,

-55.



2.4.4 FRRICKDBEILIZDETRE
b T, SR EOETIE BRI T O LIRS D,
HCOOH — 2H +CO:
Cuz0 + 2H — 2Cu + H20

(KR DAERHEE =KFEDOHERE (-r) ] THY, TTIT (2.9 XNTrLE, £
RN Cu0 DTV IEE (rowe) VX,  CuoZ8IRF O Cu0% 1, BEZ t 1B 5k
{BIRE Zx;(t), £TDH&, UTEoICERIND,

Ty dx;(t)
Teu0 = T = Ceuyo # (2.13)

ZZ7T (2.9 =, (2.13) s, kAR ELND,

dxéft)z_%< 1 )pk (2.14)

OO0z, (2.14) KELLFD (2.15) X, (2.16) KB L TEL,

dx;(t) 1 1 FST Al ( E ) 215
At 2\Ceuo) O PA\TRT (215)
dxi(t) 1( ! ) Pu__gron ( E) (2.16)
=—c Tod'exp | ——= .
dt 2\Ccu,0) N2mmkT 0 P\"Rr

(2.14) ~ (2.16) HIzBT AL OHMEHEDNEICHE 2K T,
(2.16) v, t=0 OHIHIERILIEDO R Z2x,(0) L 95 &, FERE TR OBRLFEED
FER LN LT O TRER T 5,

-(t)——l ! P StoA’ ( E)t+ (0 2.17
K0 = 73\ Couno ) Vammir ot P\ " Rp) £+ HO) @1
F B UIEIE L
1 1 Py E
x;(0) — x;(t) = 5 (CCuZ >\/WSTOA exp (— ﬁ) (2.18)

LB,
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- (28), (2 14) ~ (2 16) iﬁi))%’ Yk@:&zﬁgiéo

® SR LD XEEIC K DiE TR, SIRE IS LT Xy OWEEBE
o B L, Cu0% FEZ B3 5,

® WUHHE o ITMESEHE FIZHBIL, E9HE FIXXROE PIZHBIT 570,
BT, B, FRROEICHAIT D,

® EITHEDTEMALT VT — I BRI AE L7270 HIKA D TEHER AT 5
EME b= F—2 R T,

TOEBRTHOLNTZXMIC L DETEE OGN R VX — | XEAB LK T
97. 4kcal/mol TH 7=, SR 2 TiX, SAEE IS L= B 70D DKFEDTEHER
BEDOIEHAL T RV X —DIATIIZE 2 £ L O TEBY, Zhi2 X 5 & 100kcal /mol Hifs & D
WEE & N 2, RAFE THE O L BRI O X1 3E ¢ O IE b= % L ¥ —
97. 4kcal/mol X Z N AT DOTEHEIL= R A F—LFPU L TWD, ZDOZ &b,
(2.14) ~ (2. 16) TR L7 8ABLIE D X2 L 238 il ERIT 2 Y TH Y, N5 0
KT D TEBEW A5 MR TR 2 FE LT D EHEERT 5,

-57.



2.4.5 58, HEREROLER

(2.16) KOOI, BIUHEOREKRFEZEL, EBR0ORD (2.1) Ko7 L=y
27y hERIUROE L o TWA, ZOT-OIEREROFNI )BT, FEBRND
KTz (2.3) TR UL OBEER 7 A KIS L, LFOX TR TE D,

A ! < ! ) P SToA’ (2.19)
== T .
2\Ccu,0/) V2mmkT 0

(2.16) X TIIMTEMHER SUSOMEITTTIZEGLTEBY, EMHEE SITEiTme
MNH 0. TRELRELOND, 22006 150CI2BWT A 2Rp b L

A’ =35 % 1016 (2.20)

Eesn, 18Rz, 2o A7, IEH L= R/ F—97. 4kcal/mol B LK/ T A —H
ZRA L, 150°C, 180°C, 200°C DiZE thE DAL Z 7N BLRDOE LIziE R %,
Fig. 2. 29 |\Z/RT, FIRE & b 2R 7@ 3525 E & il —% L Tnb, 7272 L, (2.18)
AT, BICIEE IR R ] U CEARAICEIT AT & 7o TWA DR, EBRTOIET
BEE1E 2.3.6. 2 IH T Habk 72 K 912, iBInisH CiEIICH N EH LT <A~ 7T
DIRETROND,

16 I ,'
] '

14 +

"E\ 12 +

E

2 10 | 200°C

[}

C

S 8t

=

s 6

g

o 4 r )

2 Experiment
2 L ---- Calculated (2.18) eq.
0 1 1 1 1 1

0 1 2 3 4 5 6 7 8
Time(min)

Fig.2.29 Time change of reduced film thickness obtained by experiment and calculation
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F X E & ETEE OBRICOWT G, EEE & FHREE A h# L 72, Fig. 2. 23 ®
FRT —Z D BWRETLEE AR, RO LT ry LD L, (2.16)
RO RO IR ITHE DX E & OBfR A Fig. 2. 30 12”7, EEBRFEE LS (2.16) X
DHRDTZEMRTE LS —FH LT D,

6
5 @ Experiment
= —— Calculated (2.16) eq.
£y ©
€
[
o
T 3
[
iel
S 2 o
©
(]
o
1
0
2000 3000 4000 5000 6000

Formic acid pressure (Pa)

Fig.2.30 Formic acid pressure dependence of reduction rate
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2.4.6 SAPDOEE, KEDILEK

AE T 2.4. 1 (i) OIEIZBIT 2R ORI ~DIEBUIZ OV THREET 5, D
B D e 1w OIS 2R E SN #E 2, TOMHEEE =L~ 35
(Fig.2.31), ZO®ZIFKNITT LT, (@) ST OFMID B LI M Hr> TERFE DML
B 20y, O)ERRRTEDOKRBDILET 2000 TnThLEEZLND, T
ERRFET D7D, e, KFEOHIH OILHBITEICOWTHE T 5,

HCOOH HCOOH
Cop :0xygen concentration(X,) Reaction C,0 :Hydrogen concentration(X,)
X=X surface X=X,
=X, .
Oxygen Flux:N Hydrogen Flux:N, Reaction
X=X, g X=X, l " surface
(a) Oxygen diffusion from the plate side (b) Hydrogen diffusion from the gas phase side
Fig.2.31 Mechanism of reduction
FPTEREFIEBOSGE, JEHBUEHE M (mol/m* « s) FLLTFOXTRIATE S
Do
Ny = . (Cos Co,) (2.21)

Do : HH DOERFAYEESRE (n*/s)
Coo : A=K, (FitRFRIH) TORFERE (1/m)
Cos = X=X, (Fl/BRACSR S ) TORRERE (1/m)

ZIZT Gl Cus0 NV DIRFRELRISETEEZD L, G =2.4X10%(1/m’) & 72
@ F ISR ORFIRECy, 1T RIMENRRESN TV DD Er L AT,

DI DR SE DIEHAREL D if‘aﬁjcrﬁk WG, DF9.TX107(n/s) & OWENRDH VY,
ha (2.21) RITRAT B &, BEREIL, UTFCABELRD,

Ny =— (2.4 x 10%2) (2.22)
O xs _ xo . .
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FIKRFFORIZ OV T HRBRICLL FOXTFHETE 2,

Dy

Ny =—7— (Cﬁs Cuy) (2.23)
S

Dy : $RF OKFZIEHEREL (n”/s)
Cro - X=X, (k) TOKERE (1/m)
Cps @ X=X (8/BALHISRH) TOKFZRE (1/m’)

SRR OKBEEIIXTBOWEBEENS BEL Y, Gt 23104 (1 /n), F =80/
LFRAFRE CTIIAZN B RICHE SN TWVWDE L LT G0 EEZX D, & HITHFTICR D M
HEF DOKFEDOILHAREL DF1. 1X10°(/s) E DHRENRH D=8, b EHWTKE
MEEFHET D &,

1
Ny = 5.0 x 108 2.24
o= ) (224)

L%, (2.22), (2.24) OGS, BERFRVEHEOIE D DSKFEFEE B LT, 137
PLEENKE L, FEHEROBEZENRE SN R%RIE, 7SV 7 OBRES S ORRFEIEHIC K
S THREFMICEEEDNH O S0, W) 5 TEEEE L2 /KEBICL > TRENBRESN
LHltTwmTNEDRLEEZOND, £/220EEE, BxAaTo TEM Mrm5E
(Fig.2.24) T, RMENZHIEBILEDSIZA SN TNDZ EIZHFE LRV,

2.4.6 ELRPDREREELIZDONT

ARBEDORHIT, BITEE ORFFZEIICOWTELT 5, Fig 2.20, Fig. 2.21 75, 4%F
A 7220 OZALD B B, WTIOFETHETTHBELE COMRE EARR 6
5o F77, SEREO ARM 08T 5, 32 ST ALERL IFALBRRTIZ BE Y, FRE AL T Sq (-
FHE &), Sa (FEAFEYES), Sdr (JERSAEMEERSE) NEIML TWD 2 &R 00
STWD, ZOZ &6, BICATCIXHEREE 7 il TO X RO A, K3EOTEHE
WA K > CRICSUSNEA TWTZ DK LT, EIoik Tk, R oMt
U, SR OERmMIENHERKT S Z LT, BOUOONIE ST 2mENEZ T 2 EnT
HTXx D, ZONEBEDOIEIMND, BILkFOHE EFRIZER - TnD LRI 5, -
2L, RAMECOWTIIELHENRT —Z D RELTWDIZD, 5%, S5RLEELR
D A 1 =X KRNI TEH D,
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2.5 #&8

T T RA—H— L EIET N —E GO T RS E A L, TR X DR
FRALIEDIRITCA D= A N EEL LT, £, $ EICR S e BIRER LIS OB
{EREIZDUNT, TEM #8122, TEM-EDX, TEM-EELS /34112 X v, M{hﬂ%@ﬂ%@&ﬁééﬁrﬁm
FERLE, BRbMigk 2l ~<7=, 2o kv, =V 7Y A —2 =2 L 5B R E
FERLIE, TEMBIZRIC LD BENER R S —E L, $ELIFIE Cu0 TH D Z &30
ST, EBITEROIESE, FMBOYEEALZ T T A—X—TCETKEEZ ) TILZ A
LPNE LTz, EORER, HIRBLIE, Lo s T OIEHEb= VX —I13EnZE
U 76.3k]/mol, 97.4k]J/mol &30, FI-FXEEGIENEWIE EBETTEE NI 5 2
LR LT,

IHDDOEBRERENS, HIREREICII—EDOBE YRy WEHRE L TBY, %
DX HACBERE LTKRENHBR LIS, KELUTHERT 5 Z & T, REfki
NEREINDETA N = AL EHE LT, FTKRICL 0 REFHOBENRESINT-1
1%, 7SV 7 OALHN & KA R I~ DOBEFRILEIC L > TR Rt ns 2 &
TEILODHEITL TN ZEEBE L, 2RO OETIBEICB VT, IO SN
OGS OHEEEFECTH D Z L2 FHIL, EEEORMZE(LE2H b Lz, Z0Hnb
G728 T 1, ARSI LA AW LIZBROFEBRER MR —%T 52 L&
L7,
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£38 EHBCIEOFRE(CKDETE
(FATTRNEDBEHMR

3.1 #&

2 BT, ITAEEEICL S RSN TODHOBREIEIC O\ T, FEEIC L 58
TLIEFEZ U T A H A L CHIE L, FBRICE DHBEIEDORITCA D= L EE5Z LI, L
UMD Z LS, ITATTHEAICBW T, SlROBILIEZ T T, ToMeE
DOEALIEFREIZOWVWTHBET 2L ENRH 5, R, BKIND RoHS F545 @&hﬁﬁﬁﬁ
DT DI HELe SR 7 U —IZATENE, ERDEIT AT ANTFENAEN S D72
IATEFDORA RHERELLT U,

7V —IZATEORmITERD THLHOBRLIENER SN TEY, ZOR{LHEE
(Sn0, Sn0.) 1%, HfEESILFETHE (SERA) 12X > CRHMliS T\ %, F7=BLED
RS & SRR~ DS DO BOFEHER N H V|, B L NE CREA MR T 5 &
DHEND B 2,

ENIATZITHAT, 887 UV —IFAZORGITELS, LA THR LI X D ICHER{LIE
DRFIZOWTIE, KEHATORITHEL <, KFET U HVHOT=GHERCERE OB
BRRENTND Y, FRENBRITNRODH D FBLIENENTHY, ZRETH
X2 FIA UiEnE 2 LS En2an s P, LavL, XEEHAVzéi~ Y
—IXATEOBALIERREICEE LT, WFEEEIARIC T 722 <, in-situ 53T O
(TIE, S OIZHIR ETIXATE OIRAVESCHEAYEZFHE T 288, Sl 1ZAZ0EE 50
PRV IEERE DN L TV D DT HOWTE ik/\/ku& SNTELT, 3o T2,

Z DDA T, 2$H%_,i¢ —XA T OFRmBAEEE o L, X
WK BETIWFEEZ Y TVZ A LA TEHHEIL, ;t/ut@ﬁézftﬂj%}:fﬂ%ftﬂ%@iﬁ@f%tb%«
LTz, FTBLEORE S XA ZBEORBAE, ZATER— VOl L ONTIATEES
HORA ROBARIZ OV TR,
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3.2 ZRERFFK
3.2.1 ERAMH

PR bR 30T, BREERIER OB E LT, ik GRiEE : >99.96%, ¥ X :20X20X
omm), L ONEATZTE (SnAg3. 0Cu0. 5, P4 X 10X 12X0.07mm) Z V>, XA 77 DIEN
P, A OFMIZIE, XA T2 (SnAg3. 0Cu0. 5, B X 5X5X0.07mm) & 1T AEHR—L
(SnAg3.0Cu0.5, YA X ¢ 1.6mm) ZfEH L7=, IHICKRA REHtiHIL, Y VarvFor
(A v, A X 10X 12mm) ZHE(H L7z, 70k, RO TROPGEA], 1Tz
W, RIS, BERICEABAES (1-7 a7 v XUfH) IV 5ERICRELT
Wb, 77, #ifk, IZATEEBITNTHE, 6 » AU EZERHFCTHRELZHOZHANWTE
D, FIEAIC BARRLIE N TER STV 5,

BOAHNE, Xl (R bR, Rk, XMEAE: >98%) AFEHLTEBY, b TR
VIHEEE 99. 995% D Ny 7R o~ CTHERS L7z, F 7=, EELS Zo#T H OREHEREFE LT (BK) &
FEEAV IR ZEATERLD Cu0 CByoR, S 99.9%), Cu.0 CHyoR, G 99%) & ¥E(H L, XPS %y
M OFEHEGENT SnO (ByoR, I 99.5%), Sn0. CKyR, ML 99.99%) Z W 7=,

322 TYTVYA M) —DIEETIL

TV AR —=ZONWTIE, T TIZ2ETHRARZEY THY, KETIE, R LE
Wz, 1A OBBLIEIZ OV T HEHIIL TW5, RIE LI NEFET /UL, Fig. 3.112
RT X9, T48 (Cu or Sn) /&EEA{LIE (Cu0 or Sn0) /255 DJERERKE LT,

Linearly polarized light Elliptically polarized light

w A/
d : Cu,O or SnO

Fig.3.1 Optical layout of the Ellipsometer
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3.2.3 EREE

FEEROIEBRER % Fig. 3. 2 10RT, =V 7Y A —Z—DO NI & Mg oMo E iz 5l
TELT=EZEF v o3 — (NERAHE 170ml) ZaRE L, ARG EKEHEIET v o —I2ik
FTAGEDOH T AE R @RS S, AEHT T ABITAET MR LT, 70° W= IRET
HEINTWD0, JIESCTART 7 ARk U CEREIWCAS, KT 5, 2070,
LI A L CHRENDOREITIFAE LT, ARKOREITNET — X ITHE L2,

S, FATEEIZE =2 —NEBO AT — BIZ&E L (Fig. 3.3(a)), F v/ 3—IC
IEFBAIABIORR I A =7 M HO R — b & APERHR— b &R, T AR AR
— MIBZER AR L TCWD, 72, T o NN —ICTRE LT EZEEHT L Y WEE )
DE=H Y T NAFETH D, KN ANINMEX > 7 NOWIRD X% Ny H A T/HRT
Vo352 ETHETED, ZOXIBRERICTHZ LT, Fv o "—HNOFRHKAT
A EJET), S, IZATEEOREZHIE L2R 5, BLEOBE A2 ) 7 L2 A AIZHIE
THZENARETH D,

S HITHROBLIEEZ =2 U > 7 L b, XAEEEZ TG 2 B, S o
T T A== LS DAL E IR AT, 1A TSR — L #5895 (Fig. 3.3(b)),
UK, (EEOBLEE CETR, b — 9—m§%mmﬁﬂmuh ZHIET S Z &
T, BAEEZEMT DN TE D, £, HEEHORA FEHMEHY > 7L 2 E4 5
BRI, S D FICiZATEEEZSBE L, 2o Rl arF v 729 5 (Fig. 3.3(c)),

Air

¢ Vacuum gauge
g( Vacuum pump
N, Valve A Valve B

N 354 o~ ] ® Exhaust

| Pressuer tank Gas IN Gas ouT

Ellipsometer photo detector

Ellipsometer light source

® Quartz glz@
Formic acid‘ v
(Liquid) B acuum Sample

chamber

Heat stage

Fig.3.2 Schematic view of the experimental equipment

Solder foil(10X 12mm) Solder foil (5mm0O) Copper plate
Solder ball Solder foil / Silicon chip
(a)Solder foil (b)Copper plate  (c)Silicon chip

Fig.3.3 Inside the chamber
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3.2.4 fAtR, FAZEOREELICIED ST

BRI LIS TR S VT 8ME, 1 ZATEBIC oW T, TEM B2 (A AE FRE R
75 EE - PSS JEM-2010F), TEM-EELS 234 (Gatan #. 863GIF Tridiem, B —LA%% : ¢
) 1.0nm) %4T->72, TEM TOBEHFBIOERIZHT- > TiE, HktaEmazihiET 5
7230, FIB N TA5EEE AR KON FIB I THEEEAZ I — R Ui E2RE L=, 2 LT,
FIB N THEEZ AW TN 2/t L, B AR NE R T 58 S IHEE L L=,

F2, FAEBEIZOWTEXPS 94T (PHI #H8 Quanterall) A H TEME L, X
BRI, Bl AL (1486. 6eV) 2 W=, £72, FALEHBICOWTIE, 7 =L I WL 2 5
WL LT, 72O —7 2T X)X —MIEL, Sn0, Sn0, IZ2OWTIE, ITATH
DH—R 2 E—7 (C1s:285eV) 12 & W =)L —HHIE LT,

3.2.5 FEIC K HIMILIRE FAEBILIEDETFIR

3. 2. 3T T /= EBraEE (Fig. 3.2) 2V, FERIZ L A28, 1ZAZHEOBLIED
BEILHEAWE Lz, YL FICHE RBIEEZ 7~

(1) IR BEEDO XN A S TWAIEX > 7 OF % o "—lN L7 B %[ U7 IkEE
T, LT ABBENEZ I N, HAEZHIE L TE 7 REH B COBTE
L TR,

(2) LT A, BEAUIRREETINES o 7 ZFiE T RuRE T 5, Z O,
BNy RANR—=ZAT AL, N/ FBORETA L7p>TW 5,

(3) ¥ @R, EFEFAEE 2e— AT LICHRBEL, FrrA—H
Ny B L7RBETH U 7L OIRE R 200° ¢ £ THIERT S,

4) B FNVORELZTE%, BALEOREIE 2 ) 7 v 2 A4 5 CHIE LT2IREET, INEX
VI =T U N—[NVT BEBENWTH T D~y RAR—=AH A (No/ FHE) %
JEZEIC IO RGQEE TEAT S, 08, ZOBEOTAEARRIT 1s LT ThH
%o

(5) F ¥ L N—JENBKRGEICEERIT, V7 BEH U THAEAEIL L, BB
FERRESINDET, TOESTHRET D, ZOMbLELIED Y 72 14 LHIE
(S5 Tar BN

6) BLIENRESNTZBICTF ¥ o N—NT A ZHPR L, o T E2EIRE THAIL
21T ¥ =B HY T,
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3.2.6 fRAERILIRE FAEFNIEDRERE

AREBRTIE, SABLEORE L (XA TENEORBRZ TN 5 729, SRR T O R
ZHl L HEEOBEIEORBEIZTHEE L, SR ETIRALRE, IZATER— LV E2ZhZEh
A S CRauE, AL EE Lz, ERo7a 77 A% Fig. 3.4 [T &Ld
2, L NICERFIEAZFLH T D,

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

TRIIRBED XN A > TWANEX 7 OF % 83— 2L 7 B 2B U2 khe
T, WL AZHZIINEZ I N, HAZRMIE L THE 7 NEH DU OBTE
LTk,

SN)VT A, B I UIREETINEY v 7 28R CHo R E I 5, Z DOFg,
BTNy RAR—=ZAH AL, N/ FEBBOIREHT A L 7> Tnb,

IR EBEZEF v o NX—NOE — h AT — FICREL, F—#RK o) 7Y
A — 2 —DREE LA OALBIS, 1ZATE EIZATE R— L 2##4 5,

T N —NEER N [EHL L7RIET, #iE 200°CIZHET 5,

SRR OIBELER, B ZICED 2P L, BLEOBREELZ Y 74 A A
THIE LIIREET, MEX 7 -F v o /X—[B/NV T BEBWTH 7 D~y R
ANR—=AH A (N/FWE) ZENEIZLY RKIEETT v o N—IZEAT 5,

F ¥ N ENINRKEICEZEL X, VT B AL T A e EFI L, £
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Fig.3.4 Experimental profile
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3.3 HBRBLUSBE
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TEM-EELS Z3#rif 2759, Pointl~4 TIL 540eV (T IZE A0 72 B — 7 NN TE DY,
ZOMENHRILECH D EEZLND Y,

Solder foil

Fig.3.5 TEM image of Solder foil oxide film cross section (x4M)

__ Tin oxide film

450 500 550 600 650
Energy Loss(eV)

Fig.3.6 EELS analysis of Solder foil cross section
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E BT, ML E D= DI XPS ST &1T - 7=, Fig. 3.7 (21
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Fig.3.7 XPS analysis
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BALTEY, EH00MES XREALNGEENBD L, BIHhEATHND Z &
DHERTE -, UL, BUUEEIIWELE TR 572, Sn0 (IZDOW\WTIE, 10~15s K
MTCEITNIIIEZ T L, EWECHEE (S8 2 90nm/min TH D DIZxF L, Cul (22
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DI i3

IR CIXEBR LI & XA T2 OIFAE, Bl ORRICER LT —# 205 L
77
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Fig.3.8 Reduction of oxide film by formic acid
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(c) Without any reduction process

Fig.3.9 Measured copper oxide film thickness by ellipsometer
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Fig. 3. 10 () IZ& G TOITA T IARFF OFRBLIEE &, 1A TE R — /L Ol & o
BAR 2~ d, BRLIEIE DN Inm A2 HIT A TSR — /L Ol 238 Uik, 522l ligilb
AR L= mE, HEhAN 40° BEX THA LTS,
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Copper oxide film thickness(nm)

(a) Solder ball contact angle
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(b) Solder foil wettability

Fig.3.10 Interrelation between copper oxide film thickness and solder wettability
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F CRIBBIIENILDN > TRY, A1 bR BEFTH D,
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Reduction time
(Estimated oxide film)
10s 45s
(0.6nm) (Onm)
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T A R
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(a) (b) ()

Fig.3.11 X-ray observation on Cu plate / solder / chips samples soldered under different
reduction time ((a)0s, (b)10s, (c)45s)
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Fig.4.1 Vacuum Soldering system [VS1]
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Fig.4.2 Schematic view of the experimental equipment
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Fig.4.3 Experimental procedure
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4.3 DSMC &I &k /BRI
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Fig.4.4 Simulation model
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Fig.4.8 Formic acid molecular density calculated by DSMC method
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